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INTEROFFICEMEMORANDUM 

DATE: ia h g u s c  1993 6 6 3 3  

FLLE: 961.283 

TO: 

FROM: K-G. Posgay & H. H Baktr 

S U B 3 E C X  Corrosioa Evaluation of Polyczhyiene Containers for Storage of Pond "C" 
Water and Sludge 

REFERENCE: Acdemted Sludge Removal Study - Container Materials of Construction 

This memo is p r e s ~ e d  in response to your request for additionai work, resulting from my 
ptcvious mtmo (W) regarding the d 3 t y  of carboa sted and stainless std containas 
(udmed) for storagt of pond mareriais. Spedcally, you informed me that the next best option, 
pdytak ,  wouldnttd to bc considered for thestorageof aU pod materials. Therefore, an 

water and sludge in Pond "C", the worst case mataid, was performed. A thorough review has 
betnmade o f t k  c-cals and conctoaationswhich have b e t a  W in& "CharaderiZattOn 
Data", rccdytd from Hallibunoo NUS (attoditd). B a d  upon this infbrn~ation, conclusions  an^ 

dn;wn wii& arc based upon knowkdge of the chcmicml d o u s  which arc consided to k - 
reasode f o r t h e d ~ p ~  T h e e  chemical compouads arc mmpared to t k  
c&micai re&auce data for hHDXLPE rmutrial to id@ porcmial problem areas for fixture 

- of the cornsion resistance of highdensity mss iinked poiyehyiene (HDXLPE) to 

aaatysis- 
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the "Characterization Data" are too low to have an adverse affect and maintaining the 
temperatures below 100 OF will also help to reduce the chemical attack to inSign&ant rates. 

The content of urgMic cumpuunris, which are in parts per billion, can be expected to concentrate 
in the HDXLPE material. The maxirwm concentration of these compounds which are available 
within a completely filled 6400 gallon tank (i.e., typical tank available from Poly Processing Co., 
litemure attached) is: 

Total weight of 6400 gallons of Pond "C" water = 6400 X 8.33 X 1.332 
= 71,011 pounds of Pond *'C** water 

2 Butanone (Methyl Ethyl Ketone or MEK @ 76 ppb) = 71,011 X .000000076 
= O.QO54 pounds per tank 

Methylene Chloride ( Common Paint Stripper @ 5.6 ppb) = 7 1 ,O 1 1 X .0000000056 
= 0.00004 pounds per tank 

Note: The weight of a U.S. 5 cent coin is about 0.01 1 pounds 

It is important to establish that these calculated concentrations are distributed throughout the 
liquid. It is assumed that all of this material will be absorbed within the HDXLPE within a 1 year 
period rather than the design life of IO years. The weight of the HDXLPE actually exposed to the 
liquid is approximately 1800 pounds per tank (estimate based upon vendor literature). This results 
in a concentration of 0.00030 by weight (0.00544 / 1800). The manufacturers literature states that 
thc HDXLPE can absorb up to 7% by weight of these type compounds with a resulting reduction 
of only 1oo/o in the rensiie strength of the material. We feel that 0.00030% establishes that therc 
will not be a measurable reduction in the strength of the tank due to absorption of the active 
organic compounds. 

The other organic cotzdtuent of the Pond "C" water is the Total Organic Carbon (TOC) which 
is reported at 1400 ppm. The mEuLirrmm concentration of the TOC which is available within a 
completely filled 6400 gallon tank is: 

TOC @ 1400 ppm = 71,011 X 0.0014 
= 99.4 pounds of TOC per tank 

This calculated concentration is not evenly distributed throughout the liquid. It is assumed that 
approximateiy 10% of the materid will form as a floating s d s l u d g e  at or near the waterline. 
Approximately 40 YO of the materid is expected to remain in suspension and the remaining 5Ph 
should settle to the bottom as sediment. The tank manufacturers product information sheets 
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(attached) indicate that the thickness of the tank wall is tapered tiom the bottom to approximately 
the midpoint and then a constant thickness to the top. The actual thickness is dependent upon the 
design specl6c gravity (SG) of the contained product. The thickness of the bottom is not 
pubiished, however, the manufacturer advises that the thickness distribution varies across the tank 
bottom, with the center Section being the thinnest point. The manufacturer‘s data is not adequate; 
however, Section 6.4 of ASTh4 D 1998-91 (Attached) Standard Specification for Polyethylene 
Upright Storage Tanks addresses the bottom head and states that “The minimum thickness for a 
fid-supported flat-bottom tank shall not be less than 0.187 in. The radius of the bottom knuckle 
of a flat-bottom tank shall not be less than ...... 1.5 in. (38.1 mm) for a diameter greater than 6 ft. 
(1.8 m). The minimum thickness of the radius shall not be less than the maximurn thickness of the 
cylindes wall.“ From this we ascertain that the bottom knuckle is the critical area of the tank 
bottom and the knuckle radius must be equal to the wall thickness. The Poly Processing Company 
tanks are manufacrured to this ASTM Standard and *e manufacturer has made 5 ultrasonic 
thickness measurements across the tank and reports that average thickness at the bottom of the 
respective Product Idormation Sheet. 

The tank designed for a SG of I .9 is used for calculation purposes for the Pond “C” analysis. The 
inner tank nominal wall thickness is 0.99 inches at the bottom and tapers to 0.5 inch at a height of 
7 fcet. The nominal wall thickness tiom 7 feet to 12 feet remains constant at 0.5 inches. The 
avenge thickness of the bottom plate is 0.87 inches. 

The rmmhchrers literature (see Section 3 of “General Chemical Resistance Chart”) states that 
Certain chemicals do not attack the HDXLPE but can be absorbed. The TOC falls into this 
category. The influence of this absorption within each of the zones is: 

Waterfine 

Pounds of TOC at waterline = 99.4 pounds per tank X lO?! TOC @ wat& 
= 9.94 pounds of TOC @ Wateriint 

Pounds of HDXLPE in a 6 inch band at waterline = 
wall thickness (0.5”) X width (6”) X circumference (361”) = 1083 cubic inches 

0.627 X 58.56 poundslcubic foot = 36.7 pounds of HDXLPE 
1083 / 1728 = 0.627 cubic feet 

The 9.94 pounds of TOC at the wateriine is greater than 7% of the weight of the 
HDXLPE at the waterline. Therefore, the HDXLPE is expected to absorb the TOC and 
lose lO?! of its tensile strength. 
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Bottom 

Pounds of TOC at bottom = 99.4 pounds per tank X 50% TOC @ bottom 
= 49.7 pounds of TOC @ Bottom 

The weight of the HDXLPE in the container bottom cannot be determined fiom the data 
available fiom the manufacturer at this time; however, the ASTM design criteria is 
reportedly satisfied and the supported flat bottom area is a low stress area and will not be 
adversely a€kted by 7% absorption of the TOC. 

Sidewall 

Not considered due to the large mass of HDXLPE 

The waterline is the only place within the container that has the tensile strength degraded by lPh 
due to the absorption of the TOC. To account for this loss, the allowable hoop stress is reduced 
from 600 PSI to 540 PSI. This reduction is applicable over the entire height of the w d .  The 
calculated minimum thickness (fiom Poly Processing Company and ASTM D 1998) is: 

T (Wall thickness in inches) = P (Pressure in PSI) X D (Diameter in inches)@ X Hoop Stress) 

i.e. for 8 SG = 1.331 T = (0.433 X 1.331 X 12.5 Ft) X 115 In / (2 X 540 PSI) 

= 0.768 In. 

The minimum wall thickness of the 1 15 inch diameter Poly Processing Company tank designed for 
a fluid with a s@c gravity of 1.9 exceeds the required 0.768 inch thickness and is satisfactory 
for a hoop stress calculation of 540 PSI. 

The r-n of Pond "C" has also been of concern due to the information presented in the 
attached publidon by K. Wundrich W a t i o n  Resistance for Commercial Plastic and 
Elastomeric Materials . ). A specralist from our Industrial Hygiene Department was contacted to 
evaluate the radiation level of the Pond "C" Water and Sludge. His opinion is that the radiation 
exposure which the HDXLPE will get from the contents of the storage materials will be less than 
400 rads of total dose during the I O  year life. This dose is less than 0.07% of the level reported to 
have an affect on the crosslinked polyethyiene by K. Wundrich. Wundrich did not extensively 
address the use of antioxidants as did Roger Clough in the attached publication of Encyc1oped.u 
of Polymer Science and Engineering (Second Edition, Vol. 13, Pages 667 - 708). Clough reported 
that when antioxidants are added to polyethyiene, the dose required to reduce the tensile 
elongation to one half the initial value is between 13 and 3 6 X 105 rads. This is 2 to 6 times that 
required for polyethyiene without antioxidant. 
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SG* 
1.343 
1.40 

1.403 
1.407 
1.418 
1.593 
1.807 
1.82 
1.998 

The prospective tank suppiier, Poly Processing Company was contacted and questioned about the 
presence of antioxidants. They reported the use of an antioxidant (used as a stabilizer) at a level 
slightly higher than Clough had tested. 

Maximum F11 Depth (Ft.) 
125 
1225 
1222 
12.19 
1208 
10.76 

9.48 
9.42 
8.58 

The combination of low total dose and presence of antioxidants will result in a polymer resistant 
to this type of radiation exposure. 

RECOMMENDATIONS: 

1. Jack Templeton advised that the project is considering the use of tanks which are service rated 
for liquids with a specific gravity of 1.65. Our review of the manufkturers Product Information 
Sheet for the 1.65 and 1.9 SG tanks indicate that two columns of thicknesses are presented. The 
n o d  wall thickness (WT) column and the minimum WT column meet the ASTM design 
criteria; however, we do not feel that the use of a +/-20% design thickness tolerance (Section 
9.1.3 of ASTM D 1998-9 1) is appropriate for this project. Therefore, the minimum W T  column 
should not be considered. The tanks rated for a SG of 1.9 should be used for Pond "C" water and 
sludge. Ponds "A" and "B" can utilize the thinner wall, 1.65 SG Tanks due to the lower SG of 
their liquids and solids. 

2. It is suggested that the 1.9 SG tanks be filled to controlled levels. The control may be based 
upon weight of product stored (Maxmllm Weight = 73,100 pounds, approx.) or depth of material 
Wed. If the SG of the stored product is known and below 1.343, the tank can be filled to capacity 
(12.5 feet). lfthe SG is greater than 1.343, lower levels Will be required. For these situations, 
refer to the following Table: 

INOTE: the tilled weight of the stored materials should not exceed 73,100 pounds. 
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3. The design thicknesses, type and source of resin, type and quantity of antioxidant material, etc. 
used in tanks considered for use on this project must be verified prior to inclusion in an approved 
supplier list. At this time, Poly Processing Company is the only supplier that has been evaluated. 
They are considered acceptable. A Quality Assurance and tank acceptance inspection program 
should also be implemented. 

4. It is recommended that any openings in the outer wall of the Poly Processing Company tanks 
be confined to the cover and/or located at elevations above the fill height. 

5. It is suggested that a test program be initiated to evaluate the "short tem" and "long term" 
corrosion effects on a range of metallic and non-metallic materials immersed in the various ponds. 
Data of this type would be of value in evaluating materials and also for site personnel in making 
hture materiais and equipment decisions. 

6. Some questions have been raised about the use of a 60 mil thickness liner for use inside metal 
containers. I feel that the problems associated with that approach should be the subject of another 
memo; however, any sharp edges or burrs in the steel, weld imperfections such as buckshot and 
splatter, dirt or gravel, liner undersize (mllsing stress points), liner oversize (causing wrinkles), 
etc. can result in leaks in the liner. The metal would then corrode, resulting in a perforation of tbe 
steel and resultant leakage. The only way that a metal container should be considered is with 
adequate surface preparation and application of a corrosion resistant lining system. 

If you have any questions or require additional information, please call Ray Posgay at 713-676- 
7061. 

AttaChmeIlt3: 
1. Interoffice Memorandum, RG. Posgay to J.H. Templeton, "unlined Carbon Steel 

2. Pond Sludge Characterization Data, Supplied by Mark Speranza, "US. 
3. Product Inhrmam * n Sheets from Poly Processing Company. 
4. ASTM D 1998-91 Standard Speufication for Polyethylene Upright Storage Tanks. 
5. Fax from J.H. Templeton to Ray Posgay, "S.G. of Pond Sludge", 9 Aug. 1993. 
6. Publication, K. Wundrich, " W o n  Resistance for Commercial Plastic and Elastomeric 

7 .  Publication, R Clough, "Radiation Resistant Polymers", Encycloma of Polymer Science 

Containem - Not Acceptable", 29 July 1993. 

Materials. 

and Engineering, Second Edition, Vol. 13, Pages 667 - 708, 25 Records. 

CC: B&R Project File 
T.N. Ivers W/O Attachments 
RP.  Negri W/O Attachments 
J.R Zak 
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DATE t 

FILE: 

TO: 

FROM: 

SUBJECT : 

REFERENCE: 

INTEROFFICE MEMORANDW 

29 July 1993 

961.283 

J.- H. Templeton 

R. G. Posgay 

Unlined Carbon Steel Containers - Not Acceptable 
Rocky Flats Corrosion Review 

Accelerated Sludge Removal Study - Container 
Materials of Construction 

T h i s  memo is a presented in response to your request for a 
recommendation concerning the use of unlined carbon steel 
containers to hold pond sludge and water from Ponds A ti B. 

Any carbon steel container must be lined to store water f r o m  
any of the Ponds. The presence of a base metal (container) + 
oxygen (from the air and water) + an electrolyte (Pond water) 
results in an active corrosion reaction that will cause the 
container to rust through and leak.  An unlined stainless 
steel container is a l s o  unacceptable. 

If you have any questions or require additional information, 
please call me at 713-676-7061. 

4 

1 Raymond G. Posgay 

CC: B&R Project File 
J.R. Z a k  
R.P. Negri 
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TO : 

FROM: 

, .. : 

. . . .  

Poly Processing Company/Division of Abell Corporation 
P.O. Box 4150, Monroe. LA 71211 Phone (318) 343-7565 FAX (318) 343-8785 



Wall thickness calculations for: 6400 Hushroom I n n e r  

C a l c u l a t i o n s  arc baaed on: 
1 .  An allowable hoop otrcr8  of 600 psi 
2 .  A maximum temperature of 100 degrees F 
3 .  A f l u i d  w i t h  d: specific gravity o t  1 . 6 5  
4 .  A straight sidewall height of 12.5 feet 
5. A diameter of 115 inches 
6.  A lowest nominal wall thickness of . 5  inches 

3A 

T =.P * D 1 ( 2  * HS) 
where : T = thickness of tank wall in inches 

P = head pressure in poi  
D = diameter of t d  in inches 
HS = allowable hoop stress in psi 

WALL EEIGET 
IN FeET 

0 
1 
2 
3 
4 
d 
6 
7 
8 
9 
10 
11 
12 

NOH. WT - XIN.  WT 
IN INCEES IN INCHES 

.86 69 

.79 .63 
72 .58 
65  . 52 

.58 . 4 7  

.51 - 4 1  
0s * 4  
m5 e 4  
.5  . 4  
.5  .4 
.5  . 4  
.5  - 4  
.5 04 
PBODUCT INFORHATION SBEET 

We do not have a calculation of the battom o f  the tank programed. in 
this readout. We took readings of a tank in inventory and p t o d d e  
the average of f i v e  readings taken at various p a i n t s  on thm bottom 
of thr tank. Average- 



Calculations are based on: 
1. An allowable hoop stress o f  600 p s i  
2 .  A maximum temperature of 100 degrees P 
3 -  A Z l u i d  w i t h  a specific gravity o f  1 . 6 5  
4 .  A straight sidewall h e i g h t - o f  12.5  f e e t  
5 .  A diameter of 122 inches 
6. A lowest nominal wall thickness o f  . 5  inches 

32. 

where : T = thickness of tank wall in inches 
P = head pressure in psi 
D = diameter of tank in inches 
HS = a l l o w a b l e  hoop stress in PSl  

. . .  

. . .  

W A U  HEIGHT NOW. WT H I N .  WJ! 
IN FEET IN INCHES IN INCHES 

0 
I 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

. 9 1  

.76  

.62 
55 

. 5  

. 5  
-5 
.5  
- 5  
* 5  
e 5  

8 84 

8 69 

. 7 3  

.67 

.61 

.55 

.5 

. 44  

. 4  

. 4  

.4 

.4  

.4 

.4 
04 

! :  . . .  . .  . .  
. .  

. .  

.. : 
I .  

. .  
I .  . . : .  

. . -  . .  . 

. .  . 

. . .  
. .  

, .  

We do not have a calculation of the bottam of the tank progrzrmed in 
this  readout- Wo took readings of a tank in invantory and provide 
the average 02 Five readings taken a t  various points on the battom 
of the tank. Average- I 
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Wall thickness calculations f o r :  6400 Mushroom Inner 
33. 

Calculations are based on: 
1. Ap allowable  hoop s t r e s s  of 600 psi 
2. A m a x i m u m  ttmperature of 100 degrees P 
3. A f l u i d  with  a specific gruvitp of 1.9 
4 .  A straight sideuall height of 12.5 feet 
5.  A diameter of 115 inchrr 
6 .  A lowest nominal wall thickness o f  .5 inches 

T = P + D /  ( 2 * H S )  

where : T 
P 
D 
HS 

WALL HEIGHT 
IN FEET 

0 
1 
2 
3 
4 
6 
6 
7 

9 
10 
11 
12 

a 

= thickness of tank wall in inches - head pressure in p s i  - diameter of tank. in inches 
= allowable hoop stress in psi 

NOW. WT MIN. WT 
IN INCHES IN I N C E S  

.99 

.9r 

.83  
0 75 

67 
' 059 

51 
.5  
.5 
. 5  
.5  
. 5  
.5 

79 . 73 
.66 
.6  . s4 
.47 
.41  
. I  
. 4  
.4  
. 4  
. 4  
. 4  

. .  . .  . .  

. .  
' 7 .  , . .  . ... . . .  .. . 

. .  . .. 

. .  :. , , )  

. .  
. .' , 

We do net have a calculation of the bottom o f  the tank programed in 
this readout. We took readings of a tank in inventory .and provhh 
the average of f i v e  readings taken at various points on the bottopI 
of the tank.  Average, c 
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3)! W a l l  thickness calculations f o r :  6400 klushroom Outer 

Calculations are based on: 
1. An allowable hoop stress of 600 p s i  
2. A maximum temperature of 100 degrees F 
3 .  A f l u i d  with a specific gravity of 1 . 9  
4 .  A straight sidewall height o f  12.5 f e e t  
5.  A diaaeter o f  122 inches 
6.  A lowest nominal w a l l  thickness of . 5  inches 

. .  

. .  
. .  

T = P + D /  ( 2 * " S )  

where: T = thickness of tank wall in inches 
P = head pressure in p s i  
D = diameter of tank i n  inches 
BS = allowable hoop stress in p s i  

WALL BEIGBT NOM. WT HINo WT 
IN FggT IN INCBES RJ INCHES 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

---.- . .. , 

1.05 
96 
88 

.a 

.71  . 63 

.54 
05 
05 
05 
.5 
.5 
. 5  

e 84 
77 

e 7  . 64 
057. 
05 
0 44 
04 
. 4  
.4  
. 4  
. 4  
.4  

-.-- . - - .  

. ,  . .  
. . .  . . .  

t .  . .  
. . _  

. .  
. .  

... 

. .  

.. -- . . -.--.. -..-. ---e . . 
. . . . .  

. .  .. . 
. ... 

I '  - . .. 
. .. . .  

W8 do not have a calculation of the bottom of tho tank progranud in 
this readout. We took reading. of a tank in invurtory and provide 
the average oZ five reading an a t  various points on the bottom 
of the tank. Avaraga. - 



standard Specirration for 
Pofyethyiene Upright Storage Tanks' 35: 
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A18 PONDS - CONTENTS AN0 VOLUME REQUIRED FOR STORAGE 
JULY 8,1993 

, 
TOTAL SlUOGE VOLUME 
CURRENT, GALLONS I 220.no I 228.m I =.no I 

* 

1 

v,! 

TOTAL POND C O m S  I 2.101.431 1 2,077,071 I 2.131.299 1 

TDS IN SLUDGE LB. 23307 I 1 a . m  I 29,005 I 
WATER IN SLUDGE, LE. 1,758,S59 1 .TTB.O45 1,734,621 

TDSwlpI 1.11% 0.89% 136% 
ms VOC% 0.41 % 0.2836 0.64% 
TSSWTSC 16.27 eC 13.51 94 17.25% 
Tss VOL% 7.31 96 6.42% 8.33% 

j B L U D O E  S.G. 1.103 1 1.090 I 1.111 1 

sOLUn0N S.G. 1.010 1.008 I 1.010 1 

DRY SOUDS, L8. I 319.564 1 280,555 I 367,672 I 

d ------+ DRY SOLIDS S.G. 2.293 I 2.294 I 2.315 1 

WATER REWIRED 
ABOVE SOLUTION 75,000 i 75,000 75.000 
2S.OOO GAL PER JNCH 
PUMPING S.G 1 .on 1 1.m 1.089 
WASH WATER, GAL 44.000 I U,OOO 44,000 U € W l O U G . F * - A  TrmmmunlUiF-- I 
PONO VOLUME 
AFER WATER COVER 347.TIO I 347,nQ I 347,TO I 
AN0 WASHDOWN, GAL . 

SOLUTION REM., 18. 503.610 1 674,305 1 292.937 

W T l O N  A - SLUDGE + WATER COVER + WASH WATER 
TOTAL. GAL I 347,770 
SLUDGE. GAL I 228.770 
WATER COVER, GAL 7s B O O 0  
WASH W A m .  GAL 44,c100 

m N  8 --UKE A BUT DECANT EXCESS WATER 
FtoTALGAL I 228.770 i 
fSUIDGE. GAL 1 228.7761 

OFIION C - DEWATER SLUOaE TO 20.00% BY W T  SOL 

OPRON D - DEWATER SLUDGE TO 46.00% BY W SOL 

.IDS 



3ALLONS ON 9110192 1 392.531 I 392331-1 392.531 ! 
CU Fi. ON 9/10/92 1,W.s 1 1,943.35 [ I,SU.% I . 
SALT SOLUBtLlTY 
M A X m  I 45.8094 Sl.05W 42.m 
WATER REQUlRED TO DISSOLVE SALT 

. 
i L 

WATER. G A L  I 298,155 I 237,759 I 3St.430 I 
ADDlTlONAL, GAL 19.185 1 (59.945) t 94,162 I 

1 

L 

L SOLN REQ., GAL 431.n7 f 486,653 1 
44,OOO 1 44,000 WOO0 l u w m m . ~ 4 l ~ m - -  

SLUDGE 

1S.G.. DRY SO1 

. -  

S.G. SLUDGE I 1.807 1 1.393 } 1.998 { r r t n m  I 

ALPONDCONTONTS I 4,788.081 I 4,669979 I 4,031,416 I 

RY CRYSTAL. LE. 1 2,105.750 1 2.013.378 1 2,250,014 1 
2.332.1451 2,429,898 2,226.3SO1 

RY SOUDS, LB. 1 350.189 226.004 455.052 I 
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A. INTRODUCTION 
1. General Comments 
TheK tables are intended to give a comprehensive survey of 
radiation resistance by means of listing the change in mecham- 
d properties on the bus of literature data. 'The values were 
dttennined for speak materials tested under spenal conditions 
which annot all be given here or are not completely known. 
Thr ehnp in propenics depends to a large extent on a number 
of hfiwncc faaon which arc discussed in the foflowng pan- 
graphs. The reader b advised to usc these data wth u u i m  
amsidering all these faaon. 

2. Criterion for Uadiition Resistam 
fhe radiation resisrarxx is charaaerized by the-half-value-dare 
d signik8at mechrnlcJ propertier. 'Ihh is defined as the 
.Laorbcd dose that red- 8 propeny to 50% of the initial 
vdw under defined environments. T?K SI unit gray (Gy). 
which b related to the old unit rad (rad) by 1 Cy = 1 1 x 
kg-' = 100 rad. i s  used. In c l s ~  vberr tbc upcrimcnu were 
tenninucd kfofe reaching the S C S  &.cmse of tbc invesn- 
gated paperty, tbc akrorbed dore i rginn with thc sign >. 

The properties can bc affected differently. and therefore 
more than one relevant propcny should be considered. In most 
a s 6 .  witable properties to chanaerizc the radiation rcsis- 
Ury+ are the elongalion at break for nexibk plasucs and 
eknomtn and thc fiexunl srrengfh for rigd @as&.' 

t a n c ~ ,  electric strength, dissipation factor. or pcnnlttivity, only 
a few publications could be found and were not considered 
here. The mechanical deterioration frequently gives rise to 
r ignihnt elearical change. For most clennul appticrtions, it 
m i y  well k that the change in mechanical propenicr will be 
the most significant criterion for the radiation resistance. 
Changes in the dissipation factor or in permittivity maylome- 
times occur before mechanical degradation is severe. Fot higher 
dou rates. the temporary decrease of insulation resistana 
during irradiation and shortly after. due to radiation-induced 
conductivity relative to the dose rate. is important. 

For e.lrcmrical properties. such as resistivity, insulation resis- - 

3. facton of Influence and Their Consideration in the 
T a k  
The radiation resistance depends on such parameten the 
chemical structure of the polymer. the fonulatm. d the 
emronmental conditions (such as medium, temper8turC. me&- 
a n d  and ckctncd stress. dose rate. etc.). Some of them are 
oarsidered in the tabia. 

3.1 Tw-d Wpnu and hbwfarion. The poljmeric ma- 
lcriris arc classified as thnnoplastia. elunomm. a d  tk- 
nwam. Is the fint column of the tables the bask poiymer is 
given. radiation-induced changes mainly depend On the 
Ckmial s tmure  of the polymer chain. The data nrt Ob- 
[rind by testing commercial materials which contain a r t a i n  
mounts of ingredients. For rhennoseu. different fib. which 
terwrJfy hrw a peu iDilwcc onthe radiation misuace. are 

rcsisancc md organic Men dmuw i. Furthcr. a good 
amridend. h 8 gCWfd &. b U U S C  Lbe 

adbcsjon ktwetn ra in  and reinforcing hl#n is rignibnt. The 
i n h e m  of fillen and other addin'ves must afso be ~ m r d e d  
for thermoplutia and elastomen. Antioxidants in txud corn- 
pouDding conccntntiom were found to inattv tbt radiation' 

n/w 

1 



/ a RADIATION RESISTANCE ro( COWURCW K X Y M E E S  

- lCSSt8- c o n u d e r a h  bl Uf I t  br dou f Z t a .  I n  PnCld. 
a r m a t K  compounds have a more favorabk inhuewe than 
akphatx one. For the polymer itself i t  I) nil known that 
a r m m c  group in  the mokcuk increase the radiotux ma- 
t-. 

3.2 Type d Rabufion ~d Doshefry. Tlw o w d  n L a t h  
effect doer no1 depend on the type of radiatioa. such zs 6 a 
rays, nuclear radiation, fast electrons, or other panicle radia- 
tm. but only on the ibrorkd dosc-7lere are some un- 
certainties about the given dose. The exposure or nux can be 
measured with an accuracy of : 10%. From this. the absorkd 
dose u calculated on h e  basis of the m a t e d  cornpolltion or 
the dcmty, An error of up to 20% can be made here. Details 
about the determination of the absorbed dorc are in  most casu 
not given. 

3 3  Dose Rate a d  Afmorphcre. If air is p c x n t ,  the res& 
t w t  a n  be i function of the dose rate. depending on the- 
chemical structure of  the polymer. The oxygeo takes part in tbe 
Ddirtioo-indd reactions. Thc effect incruxs with a de- 
creasing dose rate b e a u  it is determined by timedependent 
pcesscs: the diffusion of oxygen into the polymer and the' 
cksay of generated peroxides. Therefore. at bw dose rata the 
ndirtion resistance a n  be up to two orden d magnitude h e r ;  
thrn 81 high dosc r a t e  

The effect d oxygen restricts the prc- of lifetime at- 
low k ntca oo the basis of accelerated highh-dox rate tests. 
Tbc effcu k most signi,hnt for linear po)plefins and some 
otbet thermopiutia. Mr thermoxts, only a few raulu are 
reported. Here the high density of cross-links and the low 
difhrwn rate of oxygen m a y  decrease the intluena of the doK 

If IY) oxygen b present. the radiation resisuncc ycms to k 
independent of the dose rate. However, if the material is 
exposed to air after irndiation. post-irradiation oxidation a n  
take phcc by the reaction of oxygen with residual free radicals. 
I t  should be noted that irradiation experiments with lour dose 
 rat^ in vacuum have not been reponed. 
Tbe influence of air and doK rate k considered by adding a 

CdrUM h k k d  'air exdudcd. meaning imdiation in vacuum 
ot inert gas, before the column labelled 'in air'. The hner is 
divided into 8 a h m n s  with a decreasing dcrrt rate from ~ 1 0 '  
to 5 Gylh. The higher dore nta are based on fast electrons or 
n t u k u  radiation. and dore r a t a  of 10' Gylh or lorn  on 
y-mys. &am the radiation resistance in air decreases more 
or ko witb dm+aUng dose rate. a given vliue from the 
likmturc was entered in the a lumn for a dose nte equal or 
jrat ycatcr than the real one in the experiment. However. the 
reader should k f e r  to chc column for a dose rate which is qual 
to or just lower than the secniCe dose rate. The tendency of 
dose rate dependence 0 mot always clear if the values are taken 
fmrn different rtferenm. Reference numbcn for the data are 
given in parentheses. 
Thc superscript f meam films or fibres with a rhic&ncu of 

~ 0 . 4  mm. If  possible, the real thickness is wted under "Re- 
&". Tbe amount of oxygen rvaillbk for R.Ctions i- 
witb d a n u i n g  mpk thickoar. l%crefom, thin sampk, are 
ks rrsirt.nt than thicfa anu. 

3.4 Tcirprmhre. The imdiation tempcraturc u in dl 
ambient temperature, ;.e.. about 25-3rC. As only a few 

expenmenu with higher irradiation temperature are reported. 
they have not k e n  considered here. CU a d; the tesislana 
h e m e s  with i m t n n g  temperat&. At transition tempera- 
tures (melting point.  glass transition. and lower secondary 
transitions) a ugnificant discrete change in activation energy 
may take plact. 

3 5  O f k  StrtucrThe tables do not consider mcchmicd 
strcu and deformation during irradiation which can innuencc 
the radiation resistana to a great extent. For instance. if 
elastomers are used as sealants, the radiation-induced cross- 
linking builds up a secondary network which f i x a  the deforma- 
tion state. This decreases the recovery stress necessary for the 
scaling function. In  order to obtain this effect. the compression 
sct must be measured aher irradiation in the compresxd state. 
Funhermore. elecrrical stresses are to be considcrrd. 

8. LIST OF SYMBOLS USED 

Tensile strength at break (ultimate strength) 
Tcnwle strength at maximum load 

Elongation at break (ultimate elongation) 

urn 
0, Tensile stre.,gth at yield 

-tR 

trn,,., Elongation at maximum load 
4,. Flexural strength 
a ,  Impact strength 
a= Impact strength. notched 
f Fibres or films mth a thickness of 50.4 mm 
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Poiy(ethylcnc) 
high-denrity (HDPE) 

lor&nsity (LDPE) 

crou-linked (XLPE)  

Pdytpropylcne) (PP) 

Pdy(vinyl alcohol) (PVAL) 

- -  

Pdflnnyl chloride) (PVC) 
unplrrticizcd 

F'oly(tctnl?uoroethylcnclo-et.., ._ne) (ETFE 

PoIy(methy1 methacrylate) (PMMA) 

Pdytmcthyl methaqlatcoo-acrylonitrile) (AMMA) u, 
1, 

>so 

0.14.3 

>60 
0.4 

I .4  

0.7- 

0.03 
0.03 

0.25 
>1.5 
0.2 

0.5. 
0.4 

46 
6 

>XI 

2 

0.01 

0.001 

0.1-0.2 

>IO 

>1 

0.27 

> I  
0.35 
0.6 

l.S->5 

0,s-0.8 

x . 5  

0.15 

3->5 

0.5- 1 

0.W 

0.- 

0.1 

0. I5 

0.6 

1' 
0.3' 
0.6 

>1.8 

0.4-0.5 
0 . 4 4 . 5  

0.09' 
0.15 
0.015' 
0.017 

0.2 

0.25"' 
0.3s' 

> a' 
0.07' 
0.04-0. I 

0.55' 
0.5 
0.55' 
0.6 
>2 
0.15 



0.033' (13) 

0.oM' (13) 
0.0060.03S' (31) 

0.12 (8)  

>0.6 (22) 

0.018' (13) (13) I: 0.4 mm IVQ 
O.OIS-O.02 (13) 
0.019 (13) 'Varying stablucr 
0.044.07 (13) 
0.05 (12) 
0.m (12) 
0.15 (12) 

(6) I: 0.1 mm 6Lmr 

'With anitoxdam 

om 
0, 

01 

a. 0.1s' 

rm 0.3 (40) M.1' 
0.2 (40) 

( 1 5 )  0 01' (15) (6) I: 0.1 mm 6Ims 0.021' 
(IS) f: 0.4 mm wua 

0.013' (15) 0.007' (15) 
0.00s- (31) 0.04 (12) 
O.U.25" Up io 4 MGy 

"Vaylng t tr tnkr 
(12) slightly a b  50% >o. 1 

0.03 (12) 

0.3' (16) 

(6) 1: 0.1 mm Umr 
0 3 - 5  MGy dightly above 50% 
0.254.9 MGy difirly above SO% 

(5) f: 0.4 mm mi= 
B0.1' (5) (6) I: 0.1 mm 6lms 

0.03 (12) Values for c, hrrc 
0.02 (12) wldc nnge 
0.13' (6) I: 0.1 mm h a  

0. IS' (9 

0.01s (12) 

(36) I: 0.m Iambka 
0.12' 

> o m  (40) 

E l m  - 113 
(16) 1: 0.4 mm 

*m 
a. 

0.35 (14) 
0.2 (14) 

ANlMMA - 70130 



Poly(styrcne) (E) 

Poly(rtyrcnc)l 
Poly( butadiene) (PSIPB) 

Pdy(styrcne ) /  Poly( butadiene- 
mxrylonitnle) (ABS) 

Pdfibutadicne) 

Poly(styrcnec0- 
acrylonitrile) (SAN) 

Poly(oxyrnethylene) (POM) 

a 
Pdy(ech yicne 

terephthalate) ( P E P )  _ -  
Pdy(urb0natc) (PC) 

Pdy(caprolaarrn) (PA-6) 
.ad 

?dy(&umethylenc 
.dipsmi&) (PA4.6) 

GUubre acetate (CA) 

Gllukrc 
ratobutyrate (CAB) 

(6 )  0, 

#n 0.15 (6) 0.1s (1) 0.15' (6) 
0.3 (6) 0.U ( I )  0.4' 

0.3 (1) 
0.2 (1) 



0.5 ( 2 8 )  

0.55 (14) 0 3  (28) 

0.05' (33) 

0.049 (33) 

0.9 (30) 
0.45 (30) 
0.3 (30) 

(6) 1.  0.1 mm filrac 

Valuer for c, 

have ndc rrn$c 

Hith-imp= PS 

SlAN - 75125 
(6) I: 0.1 mm 
IilIlU 

Samples i n p t i o a  
moUldCd 

'Samples preued 

M.1' (4) (4) I: 0.25 mm wires 
(6) f: 0.1 mm films B O . l f  (4) 

(1) PA-6.6 
(32) PA4 + PAd.6 Tire cord 

0 .a '  (33) 

O.(IZ' (33) (33) PA4 
f 0.4 mm rim 

f 0 . a  mm 6bm 
(36) PA4 + PA 6.6 

(6) f: 0.1 mm 
Nna 
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Pdy(hprene) cis (ff R) 
(Natural rubber) 

Pdy(butadiene- 

(Stpnc/butadicnc rubber) 

Pofy( butadiene- 
mylonitrile) (NBR) 
(Nitrilelbutrdicne rubber) 

co-styrene) (SBR) 

Pdy(chloroprene) (CR) 
(Chloroprene rubber) 

Pdy(irobutcneco-isoprene) (IlR) 
(Butyl rubber) 

Poly( isobutcneso-isoprene). brominated ( B I I R) 

(Bromo butyl rubber) 

Pdy(ethy1ene) (CSM) 
chlorosulfonrted 

Pdy(eihylene-propylenc) (EPM. EPDM) 
(Ethylene/propylene rubber) 

Pdy(viny1idenc fluonde-a-hexafluoro-) 
propylene) [ FKM) 

(Fiuomcrrboa rubber) 

Poly(chlorotnfiuorolthylcm) (CFM) 

Pdyurcthanc rubber (AUEU) 

3 

1-1.5 

4 
O S  

> 10 

0.5 
0.3 

2 
7s 
o s  
0.3 

0.4 
>OS 

0.3-0.4 
0.4-0.6 

0.6 (43) 0.5->5* 
0.4 (43) 0.34.6 

>3 
0.5 

1.5 
>S 
0.33 
0.3 

>5 

0.23 

1 

0 3  
0.25 

0 )  ’ 2  

(1) 0.45 
(3) 0.3 

(1) > 2  
(19) >2 
(1) 0 3  
(19) 0.3 

(1) 
(1) 

(19) >2.5 
>2  
0.u-1 
>3 

(3) 0.3-0.4 
(19) 0 . 6 1  

0.4 

(19) >1.8 
(19) 0.6 

0.6 
0.4 

(19) 
(19) 1.7 

(19) 1.2 
(19) 1.2 

O.lS-o.25 (21) 



0.5 (22) 

0.25. ( 2 2 )  

2-25 (22) 

1 (16) 

0.75 (a) 

b1.S (22) 

0.25 (U) 

0.4s (16) 
0.3 (a) 

0.8 (a) 

1 (23 0.6 (22)  0.1-0.4 (12) 

‘Some compoud show 

between 0.5 and 5 MGy 

0.9 (22) > I  (43) 0.6 (22)  
0.4 (16) 0.3 (40) 0.3 (22)  0.05-0.2 (12) a minimum rliEhdy bcktw w% 

0.2 (43) 

Referenan page VI461 
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Pol~ulhdc rubber (TM) 

Silicone rubkr (0) 

Phenol-formaldehyde resin (PF) 

with rskuor 

with graphit 

wih mineral flour 

wth cotton 3.4 ( 9 )  
0.3 (9) 

with wood flour 

1.5 
0.5 

Vitb linen cloth I 
0.1 

- Urea-formaldehyde resin (UF) 
with cellulov 

O S  
>IO 

Melamine-formaldehyde resin (MF) 
with ubcstor 

>30 
>io 

wth cclluiov 1 
>io 

ObB 

'I 

phcbolic d i n  
raia 

Y) 

Funn rCYn 

vith asbestor 
and carbon black 

ubB 

Potyacr  r a n  (UP) 
witb glass hbrc 

*bB 

08. 

a, 

0 ,  

with mineral flour and glass fibre 

with m i n e d  b u r  

Polprethrne r a n  (PUR) 
rich mtmrd &nu 



I. 0.2 (16) 
0.2 (40) 

( 9 )  

0.2 ( 9 )  

2.3 ( 9 )  
I ( 9 )  

> I  (11) 
>o.s (11) 

55% filler 

47% filler 

u)% filler 
(fabnc shreds) 

47% filler 

46% filler 
(long fibres) 

SO% mineral b u r  
IS% glau fibre 

R e f e r e m  pap V1-464 



Epoxy resin (EP) ubD 2-20 (m) 

with mineral h u r  

Pol yphen ylene 
sultidc resin (PPSI . 

Polyimide resin (PI) 0.. 50- 100 ( 2 0 )  . 
Silicone resin (51) >M ( 33) 

with glass hbre 

' Reference number gwtn in prrcnt- 
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Abstract: 
The interaction mechanism of ionizing radiation with polymeric materials is 
outlined, including a discussion of the important role played by free 
radicals in radiation-induced degradation in inert and oxygen atmosphere. 
Cross-linking, scission, and gas formation are discussed that lead to 
changes in useful properties. The relationship between polymer structure and 
radiation resistance is mentioned. Techniques f o r  studying radiation-induced 
degradation are presented, including the improvement of radiation tolerance. 
Stabilizers and time-dependent dose-rate effects and postirradiation effects 
are described. Accelerated radiation-aging experiments predict long-term 
radiation-oxidation resistance. Vol. 13, pp. 667-708, 165 Refs. to March 
1987 
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Figure Titles: 
Fig. 1. Effect of gamma-irradiation on the elastic modulus of A ,  Buna-N; B, 

polybutadiene; C, a GR-S-type rubber; and D, natural rubber (31). To 
convert Gy to rad, multiply by 100. 

Fig. 2 .  Effect of radiation dose on a polychloroprene: elongation at break 
(E), hardness by Shore D (H), and tensile strength in N/mm**2 (R). 
Radiation was with combined gamma (10**5 Gy/h or 10**7 rad/h), thermal 
neutrons, n ( 3 . 5  TIMES 1 0 * * l l  n/cm**2.s) and fast neutrons (E > MeV, 
2.5 TIXES 10**10 n/cm**2.s) (32). To convert Gy to rad, multiply by 
100. To convert N/mm**2 to psi, multiply by 145. Courtesy of CERN 
Scientific Information Service. 

Oak Ridge graphite reactor at about 25 DEGREES C in an inert 
atmosphere ( 3 3 ) :  A ,  4 TIMES 10**5 Gy; B, 2 TSKES 10**5 Gy; C, 4 TIMES 
10**4 Gy; D, unirradiated; SOLID CIRCLE = breaking point. To convert 
Gy to rad, multiply by 100. To convert MPa to psi, multiply by 1 4 5 .  

Fig. 4 .  Effect of radiation on an epoxy novolac material: flexural strength 
S in N/mm**2, deflection at break D ix mm, elastic modulus M in 
N/mm**2. Irradiation conditions were combined gamma ( 1 . 5  TINES 10**6 
Gy/h), thermal neutrons 4.5 TIMES 10**12 n/cm**2.s, and fast neutrons 
(2.5 TIMES 10**12 n/cm**2.s) (34). To convert Gy to rad, multiply by 
100. To convert N/mm**2 to psi, multiply by 145.  Courtesy of CERN 
Scientific Information Service. 

Fig. 5. Foamed poly(methy1 methacrylate) (b) obtained by irradiating (a) and 
heating it immediately afterward above the softening point ( 4 2 ) .  

Fig. 6. Concentration dependence of the radiation protection factor (Pf) for 
several aromatic additives in PMMA. Pf = G(So)/G(Sa) where G ( S o )  = 
scission yield of PMMA without additives, and G(Sa) = scission yield 
in the presence of additives. +, benzene: SOLID CIRCLE, naphthalene; 
CIRCLE, phenanthrene; S O L I D  TRIANGLE, anthracene: TRIANGLE, pyrene, 
TIMES , benz (alpha) anthracene (50) . 

Fig. 7 .  Cross-link yields in irradiated butadiene-styrene copolymers and in 
physical mixtures of polybutadiene and polystyrene (gamma-irradiation 
in vacuo). SOLID CIRCLE, Copolymer (emulsion polymerization); CIRCLE, 
physical mixture (51).  

Fig. 8 .  Radiation effects f o r  elastomers under nonoxidizing conditions (61); 
BOX, incipient to mild damage, nearly always usable; S O L I D  BOX, mild 
to moderate damage, utility often satisfactory; BOX, moderate to 
severe damage, not recommended for use. To convert Gy to rad, multiply 
by 100. 

conditions ( 6 1 ) :  BOX, incipient to mild damage, nearly always usable; 
S O L I D  BOX, mild to moderate damage, utility often satisfactory; BOX, 
moderate to severe damage, not recommended for use. To convert Gy to 
rad, multiply by 100. 

conditions ( 6 1 ) :  BOX, incipient to mild damage, nearly always usable: 
S O L I D  BOX, mild to moderate damage, utility often satisfactory; BOX, 
moderate to severe damage, not recommended for use. To convert Gy to 
rad, multiply by 100. 

Fig. 11. Relative tensile strength of polystyrene samples as a function of 
radiation dose (1 Gy = 100 rad). SOLID CIRCLE, irradiation under 
nitrogen ( 4 .7  TIMES 10**3 Gy/h), CXRCLE, irradiation in air (13 Gy/h) 

Fig. 3 .  Stress-strain curves for poly(methy1 methacrylate) irradiated in the 

Fig. 9 .  Radiation effects for thermosetting resins under nonoxidizing 

Fig. 10. Radiation effects for thermoplastic resins under nonoxidizing 

( 6 3 ) ’  



Fig. 12. Hardness profiles f o r  gamma-irradiated Viton fluorelastomer 
samples, 1.9-mm thick (1 Cy = 100 rad). TIKES, unirradiated material: 
CIRCLE, 1.8 TIMES 10**3 Gy/h in air to 1.9 T I E S  10**6 Gy; SOLID BOX,  
9 TIHES 10**3 Gy/h in vacuum to a dose of 1.9 TIMES 10**6 Gy (73). 

insulation material, illustrating heterogeneous oxidation at high dose 
rate in air (1 Gy = 100 rad). (a) Unirradiated material; (b) 8 . 9  T I E S  
10**3 Gy/h to 1.2 TIMES 10**6 Gy in air; (c) 1.1 TIMES 10**4 Gy/h to 
1.1 TIMES 10**6 Gy under vacuum. Samples were stripped o f f  the copper 
conductor, and irradiated as hollow tubes: wall thickness = 0 . 7 5  mm 

irradiated at 60 DEGREES C at various dose rates (94); 1 Gy = 100 rad. 
CIRCLE, 9.4 TIMES 10**3 Gy/h: SOLID CXRCLE, 3.6 TIMES 10**3 Gy/ht 
T R I A N G L E ,  7.1 TIMES 10**2 Gy/h; SOLID TRIANGLE, 1.7 TIMES 10**2 Gy/h; 
BOX, 3.5  TIMES 10**1 Gy/h. (b) Tensile strength (relative) of nylon 
wires vith a diameter of 0.4 mm as a function of gamma-irradiation in 
air with different dose rates (1 Gy = 100 rad) ( 9 5 ) .  BOX, TRXANGLE, 
CIRCLE, type A: SOLID BOX, SOLID TRIANGLE, SOLID CIRCLE, type Bt BOX, 
SOLID BOX, 2000 Gy/h; TRIANGLE, SOLID TRIANGLE, 4 3 . 5  Gy/h; CIRCLE, 
SOLID CIRCLE, 4.45 Gy/h. 

concentration for an ethylene-propylene copolymer containing three 
different additives (105). CIRCLE, N,N’-diphenyl-p-phenyIenediamine; 
HALF CIRCLE, nickel dibutyl dithiocarbamate; SOLID CIRCLE, 
tetrakis[methylene-3(3,5-di-t-butyl-4-hydro~henyl)prop~onate] 
methane (Irganox 1010). 

containing different amounts of the stabilizer 2,6-di-t-butyl-p-cresol 
(in mmol/kg PEO as noted on the curves). Samples were irradiated 
continuously at 440  Gy/h (1 Gy = 100 rad) (106). 

Fig. 17. Postirradiation oxidation of polypropylene f i l m  after gamma- 
irradiation to 2 TIMES 10**4 Gy at 1.4 TIMES 10**4 Gy/h (99) (1 Gy = 
100 rad): SOLID CIRCLE, no additive; TRIANGLE, beta-(3,5-di-t-butyl-4- 
hydroxypheny1)propionate: CIRCLE, 1,2,2,6,6-pentamethy1-4- 
stearoylpiperidine; +, 2,2,6,6-tetramethy1-4-nitrosopiper1dine. 
Courtesy of the American Chemical Society. 

Fig. 18. Changes in relative tensile strength of a polypropylene material as 
a function o f  irradiation (91). A, 0.3-mm sample thickness, irradiated 
at 5 TIMES 10**6 Gy/h under vacuum; B, 0.3-mm sample thickness, 
irradiated at 5 TIMES 10**6 Gy/h under vacuum, followed by heating 1 h 
a t  8 0  DEGREES C; C, 0.3-mm sample thickness, irradiated in air at 
10**4 Gy/h; D, 1.0-mm sample thickness, irradiated in air at 10**6 
Gy/h and left standing two months before testing; E, 1.0-mm sample 
thickness, irradiated in air at 4 Gy/h; F, 0.4-mm diameter wire, 
irradiated in air at 4 Gy/h; (I Gy = 100 rad). To convert N/mm**2 to 
psi, multiply by 145. 

lo. Fig. 13.  Polished cross-sections of cross-linked polyethylene cable 

( 9 0 )  
Fig. 14. (a) Ultimate tensile elongation of PVC cable jacketing gamma- 

Fig. 15. G values for oxygen consumption as a function of the antioxidant 

Fig. 16. Oxygen absorption rates in samples of poly(ethy1ene oxide) (PEO) 

Descriptors: 
Aging tests, accelerated f o r  radiation, #13:701 
Amines, radiation stabilizers, #13:695 
Antioxidants, as radiation stabilizers, #13:695 
Antirads, stabilizers, #13:679 
Buna N, irradiation, #13:674 
Butyl rubber, radiation resistance, )13:687 
Cable jacket, irradiated FTC, #13:694 
Carbon black, for radiation resistance, #13:682 
Cellulose, radiation effects, #13:673 
Chain branding, by radiation, 113: 688 
Chain scission, radiation induced, #13:672 



2ays and x rays readily penetrate polymeric naterials, whereas aipha-particle 
radiation can be strongly attenuated, giving rise to degradation effects only 
near the surface. In the case of radiation chemistry of solid polymers, the 
mobility of the radicals is much less than that of radicals in the liquid or 
gas phase, with the result that radical lifetimes can be very long (ie, 
minutes, days, weeks, or longer at room temperature). 
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Text : 
It is useful to draw comparisons between radiation chemistry and 

photochemistry (qv). In photochemistry, particular chromophores located at 
specific sites in the molecule absorb photons of a specific energy leading to 
the production of a specific excited molecular state or states. These excited- 
state sites can be expected to undergo a certain set of defined reactions. By 
comparison, radiation chemistry is highly nonspecific. Electron ejections and 
excitations occur more or less at random throughout the molecular structure, - 

and a wide range of different excited states are produced, including many 
highly excited states with a high probability of direct dissociation. The 
primary reaction products form a complicated mixture that is strongly 
influenced by the relative proportion of different molecular structures present 
throughout the material. For example, the production of methane is strongly 
affected by the total number of methyl groups present in the system. However, 
because of energy-transfer processes, radiation-induced chemistry is not 
completely random. Energy can migrate over short distances, selectively causing 
relatively weak chemical bonds to break, or becoming trapped by certain 
functional groups, such as aromatic rings, that undergo efficient nonreactive 
decay to the ground state. 

A number of different units used to describe the absorption of high energy 
radiation by materials are found in the literature. The most common is the rad, 
whereas the new S I  unit is the Gray (Gy). The main units are interrelated by 
the following equation 1 Gy = 100 rad = 1 J/kg = 6.24 TIMES 10**15 eV/g = 10**4 
erg/g The unit used widely to express radiation chemical yields for production 
Of radicals, various gaseous products, cross-links, etc, is the.G value. It is 
defined as the number of molecular changes of a given type resulting per 100 eV 
of absorbed energy. 

Free-radical Reactions in Irradiated Polymers. 

Homolytic bond cleavage from excited states in irradiated polb-mers can lead 
to a pair of free radicals via  bond scission, involving the main-chain or side- 
chain substituents. In the case of radical formation by scission of bonds in 
the main polymer chain (illustrated in eq. 1 f o r  a polyethylene molecule), a 
high proportion of radical reactions can be expected to involve the geminate 
pair, either by recombination (eq. 2) or by disproportionation (eq. 3 ) .  This 
occurs because in the solid polymer, the tvo chain-end macroradicals arc 
trapped in close proximity by the surrounding matrix. Recombination (eq. 2 )  
does not result in a net change in molecular structure; disproportionation (eq. 
3) results in permanent cleavage of the polymer chain. -(-CH2-CH2-)- RIGHT 



;ufficiently high dose rate or sufficiently thick samples, irradiation beyond 
:he point at which the initially dissolved oxygen is used Up can result in 
xygen depletion in the interior. For samples undergoing irradiation in air at 
zonstant dose rate, and assuming that oxygen diffusion rates and oxidation 
iields remain relatively constant, a steady-state situation develops in which 
strong oxidation occurs near the edges, fueled by oxygen supplied from the 
surrounding atmosphere that continuously diffuses into the material. In the 
interior regions, degradation may proceed in the absence of oxygen or at 
reduced oxygen concentrations. The depth of significant oxidation for a given 
?olymer depends on the oxygen-permeation rate and the characteristic oxygen- 
sonsumption rate [G(-02)] per absorbed dose. The oxidation depth also depends 
3n the rate at which radicals are generated, which is proportional to the dose 
rate. In comparing two samples of the same material that have been irradiated 
at two different dose rates, it could be expected that the depth of significant 
2xidation would be greater at the lower dose rate. At a sufficiently low dose 
rate, oxygen diffusion effects would disappear, resulting in homogeneous 
axidation throughout. Because temperature affects the oxygen diffusion rate and 
a l s o  possibly other steps in the oxidation mechanism, the oxygen penetration 
depth depends on temperature as well as dose rate. Thus, polymeric samples 
irradiated in the presence of oxygen can undergo different changes in the 
interior and exterior regions. The relative size of these regions depends on 
sample thickness, oxygen pressure in the surrounding atmosphere, dose rate, and 
temperature ( 7 3 ) .  

4 2. 

At sufficiently high dose rates, oxidatron takes place only at the immediate 
surface. In such cases, most of the material undergoes degradation under 
effectively anaerobic conditions. The overall property changes are often 
similar to those for samples irradiated under inert atmospheres, and the 
zonclusions and figures presented previously may approximately apply. However, 
+Ais is not always the case. For instance, for hard glassy materials, an 
axidatively degraded surface layer may be much more susceptible to crack 
formation under stress. Such cracks, once formed, may propagate readily through 
the bulk of the sample, and properties such as flexural strength may reflect a 
significant surface effect ( 7 4 ) .  For situations that approach homogeneous 
axidation, homogeneous-oxidationlike degradation behaviors are often 
approximated. When both oxidized and unoxidized (or slightly oxidized) regions 
zomprise a significant fraction of the material, the material properties may be 
3 complex sum of the individual properties of the two regions. Frequently, 
sacroscopic properties of heterogeneously degraded samples are between those 
Dbtained with materials oxidized homogeneously and materials degraded under 
inert atmosphere. For a series of different samples with progressively deeper 
Dxidation, properties often range progressively from near those of samples 
degraded in an inert atmosphere to near those of homogeneously oxidized samples 
( 7 3 )  

Heterogeneous oxidation appears frequently. Many applications involve 
saterial thicknesses and dose rates that result in heterogeneous oxidation. In 
addition, for applications that may involve dose rates so low as to give 
nomogeneous oxidation, accelerated radiation-aging experiments, performed to 
?redict degradation behaviors, which employ short time periods and elevated 
iose rates frequently give rise to heterogeneous oxidation. As a rule of thumb 
3n oxygen-diffusion effects, it can be noted (73) that many elastomers and 
flexible plastics exhibit strongly heterogeneous oxidation when samples ca 1-mm 
:hick are irradiated in air over the dose-rate range of 10**2 -10**4 Gy/h 
;10**4 -10**6 rad/h). For hard, glassy materials with lower permeation rates, 
sxygen diffusion effects would be expected at a lower dose-rate range. 
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Table: Table 2 .  Dose Required to Reduce Tensile Elongation 
Initial Value, f o r  Polyethylene Containing 

to Half the 
Stabilizers**a 

Table Footnotes: 
* *a  Ref. 103; for samples containing two stabilizers, the combined 

concentration equaled 0 . 2 5 % .  
**b 1 Gy = 100 rad. 
**c A hindered phenol derivative. 
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